Abstract-The development of an evanescent field sensor with an integrated Mach-Zehnder interferometric (MZI) configuration requires the fabrication of optical waveguides with two main characteristics: 1) monomode behavior and 2) high surface sensitivity for sensing biomolecular interactions in a direct way (without labels). In this paper, we present an experimental study for the optimization of the different parameters of the waveguides that will be the basis of a highly sensitive optical sensor. After optimization, an MZI sensor has been fabricated and some sensing applications are shown. The designed waveguides are based on antiresonant reflecting optical waveguide (ARROW) structures and are fabricated with standard silicon technology.
I. INTRODUCTION

I
NTEGRATED optical devices are increasingly being used as transducers for optochemical sensing applications [1] . The utilization of microtechnology for the integration of these devices offers some advantages as a better control of the light path by the use of optical waveguides, mechanical stability, higher sensitivity, miniaturization, and the possibility of mass-production.
In general, integrated optical sensors make use of the evanescent field detection principle. In an optical waveguide, light travels confined within the core layer. However, part of the guided mode (evanescent field) travels through a region that extends outward, around 100 nm, into the media surrounding the waveguide. When there is a change in the optical characteristics of the outer medium (i.e., refractive index change), a modification of the optical properties of the guided mode is induced via the evanescent field. To detect this variation, several transduction schemes can be used, such as resonant mirror, grating coupler, etc. [2] - [4] . We have chosen an interferometric method based on the Mach-Zehnder (MZ) configuration [5] due to its higher sensitivity compared to other schemes [6] , [7] . In this sensor configuration, the refractive index change is evaluated by the intensity modulation produced A. Llobera and C. Domínguez are with the National Center of Microelectronics (IMB-CSIC), 08193 Bellaterra, Barcelona, Spain.
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by the interference of light travelling through the two arms of the interferometer, one of which is exposed to the refractive index variations of the outer medium.
To obtain an efficient transducer for detecting molecular interactions, the optical waveguides of the sensor should have high surface sensitivity. The strength and distribution of the evanescent field in the outer medium need to be maximized in order to assure a high response for changes in the optical properties of the surrounding medium. In particular, the sensor is being developed for the detection of biochemical reactions between a receptor molecule and its complementary analyte. This bio-interaction takes place on the waveguide surface and the size of the involved elements is around a few nanometers, much less than the field penetration into the outer medium (100 nm for wavelengths in the visible). For that reason, it is very important to maximize the power value of the guided mode at the core-cover interface, that is, the surface sensitivity [8] , [9] . For example, to measure in a direct way a bio-interaction that involves a change in the molecular layer thickness of 0.01 nm, the sensor should detect a change of the effective refractive index of [8] . Optical waveguides based on Total Internal Reflection (TIR) have been experimentally proved to have high surface sensitivity [10] . For implementation in a Mach-Zehnder Interferometer (MZI), these waveguides should have monomode behavior that, assuming a fixed wavelength, can be controlled with a proper design of the thickness and refractive indexes of the waveguide layers. Finally, a rib structure is designed to achieve lateral light confinement. Width and depth of this rib are also essential for assuring a single-mode optical waveguide. A monomode TIR waveguide can be designed with a core thickness of several micrometers if the refractive index difference between core and cladding layers is small (less than 0.05). In this case, the latter is required to be thick enough (typically of several micrometers) to reduce the radiation loss due to the penetration of the evanescent field into the substrate. In the fabrication process, this means a longer time to form the thick cladding layer and the need to control accurately the refractive index. Depending on the thickness of the final structure, a cracking of the multilayer structure can occur if the stress of each single layer is not controlled. Other alternative is to design a core thickness in the order of hundreds of nanometers, if the refractive index difference between the core and the cladding layer is high enough (more than 0.1). In this way, the cladding layer thickness can be decreased to a few micrometers due to the small penetration of the evanescent field into the cladding. However, the rib depth must be around several nanometers for single-mode TIR waveguides (an integrated MZI sensor based on Si N waveguides with a core thickness of 0733-8724/01$10.00 © 2001 IEEE around 100 nm and a rib depth of 3 nm has been previously described [11] ). These small dimensions are a technological drawback for fabrication and mass-production of sensors based on monomode TIR waveguides.
To overcome this problem we have studied the possibility of using ARROW structures. The most important characteristic of these waveguides is their single-mode behavior, even for core dimensions of several micrometers and rib parameters of a few micrometers, together with a cladding thickness even smaller than the core thickness. This means technological and experimental advantages: the relatively large core size is suitable for efficient connection to single-mode commercial optical fibers.
In this paper, we show the fabrication and characterization of different types of ARROW structures focused on sensing applications, which theoretical design we have published before [12] . We will discuss their advantages and drawbacks to finally propose a structure that will be the basis of a highly sensitive optical MZ sensor. We will also present some examples of the designed interferometer as sensor.
II. FABRICATION OF THE OPTICAL WAVEGUIDES
The ARROW structure has been widely studied [13] - [15] . The ARROW is a special multilayer waveguide where light is confined within the core by TIR at the core-outer medium interface and by an antiresonant reflection, with a very high reflectivity of 99.96%, at the two interference cladding layers underneath the core. With these two layers virtual single-mode behavior is obtained by loss discrimination of modes higher than the fundamental. The basic characteristics of these waveguides are: low losses for the fundamental mode, large light confinement, high tolerance for the design of the refractive indexes and thickness of the cladding layers.
Several materials can be used for the different layers of the ARROW [14] , [16] . We have based the fabrication of the structures in silicon technology using materials with no optical absorption in the visible range, at which the biomolecules to be detected are transparent (around 633 nm). These materials are, basically, silicon oxide and silicon nitride. Moreover, the use of this well-known technology will allow the integration of sources, sensors, detectors and amplifier circuitry on the same chip, important subject for mass-production in the future.
The two ARROW structures that have been chosen for their implementation in the MZI are 1) ARROW-A and 2) ARROW-B [17] . They differ in the value of the refractive index of the first cladding layer. For the ARROW-A type [ Fig. 1(b) ] this value ( ) is higher than those of the core and second cladding ( and , respectively), while for the ARROW-B type [ Fig. 1(a) ], the refractive index of the first cladding is lower ( compared to ). Another difference between these structures is that the ARROW-A type is polarization selective (TE polarized light experiences lower losses than TM polarized light by the same phenomenon which gives rise to the Brewster angle) and the ARROW-B type is less dependent on polarization. For the design of the ARROW structures, a homemade computational program based on the Non-Uniform Finite Difference Method [12] , [18] has been developed. For a wavelength of 632.8 nm, the effective refractive index and attenuation losses were evaluated for several ARROW-A and ARROW-B structures varying the refractive indexes and thickness of the different ARROW layers. For a detailed discussion of the calculations, see [12] and [15] . With the results obtained in both references, we fabricated the two different ARROW structures described in Fig. 1 .
The first one is an ARROW-B type with a core refractive index of 1.54 and a thickness of 4 m; the first cladding has a refractive index and thickness of 1.46 and 0.3 m, respectively; and the second cladding refractive index is 1.54, while its thickness is , i.e., 2 m. The second structure is an ARROW-A type with a core refractive index of 1.485 and a thickness of 4 m. The refractive index and thickness of the first cladding are 2 and 0.12 m, respectively. Finally, the second cladding refractive index is 1.46 while its thickness is , i.e., 2 m. This structure is slightly different from the original ARROW-A where the refractive indexes of the core and second cladding layers are equal [13] . The reason for this asymmetric structure is that, for sensor applications, the MZI has to be locally protected with a covering layer (with a refractive index of 1.46). To confine light in the core layer its refractive index has to be higher (i.e., 1.485). This new structure is less dependent on polarization and presents lower attenuation losses. A drawback is that it loses the virtual single-mode behavior, being possible the propagation of several higher order modes for certain excitation conditions. Therefore, the proper design of the waveguide parameters (rib, depth, and width) is of crucial importance for obtaining a monomode structure [19] .
The fabrication process is similar in both cases. ARROW structures are fabricated in our Clean Room facilities using a silicon CMOS compatible process [20] . A p-(100) silicon wafer is used as substrate. The second cladding is a 2-m silicon oxide layer grown by Thermal Oxidation of the substrate for ). The technology of growing nonstoichiometric silicon oxide (SiO ) by PECVD has been developed previously in our group [21] and it is possible to vary the refractive index between 1.46 and 1.72. The first cladding is, for the ARROW-A type, a 0.12-m silicon nitride (Si N ) layer deposited by low pressure chemical vapor deposition (LPCVD) at 800 C ( ). For the ARROW-B type, the first cladding is a 0.3-m PECVD silicon oxide layer ( ). After each layer deposition, the refractive index and thickness are tested by ellipsometry.
To obtain lateral confinement of light, a rib structure is fabricated. The rib depth was designed to be around 60% of the core thickness (2.5 m) to obtain good confinement of light. Several samples were designed with different widths, ranging from 1 to 40 m, to experimentally analyze its influence in the guiding properties of the structure. The rib is defined on the core layer by reactive ion etching (RIE) (Fig. 1) .
For the experimental study of the optical characteristics of the waveguides (attenuation losses, insertion losses, field distribution), the processed wafer is cut in individual pieces of different lengths. To efficiently couple light into the waveguides, the input and output edges of each piece are polished to produce a scratch-and damage-free surface. This process is accomplished by using lapping film sheets of different silicon carbide (SiC) grain size until obtaining an edge surface with optical quality.
III. COMPARISON BETWEEN ARROW-A AND ARROW-B STRUCTURES
A schematic of the experimental set-up used is shown in Fig. 2 . Light from a He-Ne laser ( nm) is coupled to a single-mode optical fiber (3.8 m core diameter) using a microscope objective ( ). The end of the monomode fiber is placed in front of the waveguide rib face to couple light into the ARROW structure (end-fire coupling). Light is collected by a multimode standard optical fiber (50 m core diameter) connected to a silicon photodiode. Precise translation stages are used for the accurate alignment of all the components. A synchronous detection scheme is used with the aid of a lock-in amplifier and a light chopper. Alternatively, a microscope objective (
) and a silicon CCD camera are used to study the field distribution at the end of the waveguide.
First, an experimental study was made to analyze the guiding conditions of the rib ARROW-A and B structures. Propagation losses at 632.8 nm as a function of the waveguide width were measured by the cutback method using samples with different lengths. Measurements were performed with TE and TM-polarized light launched into a mono-mode optical fiber with a small length (around 15 cm) that was placed in straight line to preserve the input polarization. Fig. 3 shows total losses versus rib width for the ARROW-A and ARROW-B structures with a core thickness of 4 m, a rib depth of 2.5 m, and a length of 1 cm. For the ARROW-B type, propagation losses for ribs wider than 10 m are about 0.2 dB/cm with insertion losses of 0.9 dB (see Fig. 4 ). In the case of the ARROW-A type, total losses include attenuation of 0.4 dB/cm and insertion losses of 1.7 dB. In both cases, for rib widths lower than 10 m, losses show a sharp increase produced by the loss discrimination of modes higher than the fundamental and by the higher insertion losses when the rib width is closer to the core diameter of the input fiber (3.8 m) .
If we analyze the field distribution at the end of the waveguide [ Fig. 3(b) and (c)], we observe horizontal multimode behavior for ribs wider than 8 m, while for rib widths smaller than 8 m only the fundamental mode is supported. We can also observe, for noncentred excitation conditions, a bimodal distribution in the vertical direction for the ARROW-A with rib widths larger than 14 m. This multimode behavior disappears for narrower waveguides due to the increase in the attenuation losses for higher order modes.
Attenuation losses as a function of the wavelength and polarization were measured for an ARROW-B structure with a rib width of 40 m. Measurements were performed using a Na lamp and a Jobin Ybon Spex monochromator. Light was launched directly into the waveguide by end-fire coupling with a microscope objective ( ). A linear polarizer was placed before the objective to select polarization. Results are shown in Fig. 5 , where we can observe a minimum in the attenuation around the designed wavelength (632.8 nm). Attenuation differences for the TE and TM polarization are small as is expected from the behavior of an ARROW-B structure.
For the ARROW-A structure, measurements varying the input wavelength were previously presented [19] . We did not appreciate any difference between TE and TM polarized light due to the high core refractive index ( ), which implies a low dependence on polarization, as it was stated above.
IV. ARROW FOR SENSING APPLICATIONS
For sensing purposes, the optical waveguide structures are designed to assure single mode behavior and high surface sensitivity, what means that the sensor response for changes in the optical properties of the outer medium must be as high as possible. Surface sensitivity, calculated for processes that involve the adsorption of molecules from a gaseous or liquid phase, is defined as the rate of change of the effective refractive index of the guided mode, , as the thickness of the homogeneous molecular adlayer, , varies [8] , [9] . This sensitivity is related to the squared field magnitude of the guide mode at the core-outer medium interface, considering a homogeneous adsorbed layer of refractive index and thickness . We have previously developed the analytical expression of surface sensitivity for an ARROW structure in reference [12] .
In the fabricated waveguides, the optical mode is highly confined within the core layer and there is a small penetration of the evanescent field into the outer medium (around 100 nm) (Fig. 6 ). For these structures, surface sensitivity is very low. One possibility to increase the evanescent field penetration into the outer medium is to decrease the core refractive index. For that, ARROW-A type is more advantageous than the ARROW-B structure due to its lower core refractive index (Fig. 6) .
Another way to increase sensitivity is to diminish the core thickness (Fig. 7) . In the original ARROW-A structure, the second cladding layer thickness is kept half of the core. As the core thickness diminishes, light is guided closer to the substrate, with the subsequently increase of the attenuation losses due to the high absorption of silicon in the visible part of the spectrum. We propose two alternatives to overcome this problem: 1) a modified multi-ARROW-A structure (Fig. 8) with two pairs of interference cladding; and 2) an ARROW-A structure modified by maintaining fixed the thickness and refractive index of the second cladding in 2 m and 1.46, respectively. 
A. MULTI-ARROW-A:
With the inclusion of an additional pair of interference cladding layers, attenuation decreases theoretically between one and two orders of magnitude, depending on the core thickness (Fig. 9) . However, from the fabrication point of view, we increase the mechanical stress of the multilayer system by adding these two new layers, what could lead to the peel-off of the cladding layers, as occurred in some of the processed structures. We have fabricated multi-ARROW-A structures with a core thickness of 1.5 and 2.5 m to assure high surface sensitivity. The second cladding of the interference layers was maintained in and the rib width designed was 8 and 10 m to obtain lateral single-mode behavior. Although theoretically these structures have attenuation losses below 1 dB/cm (Fig. 9 ), experimentally they are not useful for sensor applications due to their high losses. These include, not only high insertion losses (around 10 dB), but also high attenuation (close to 15 dB/cm) produced by a guiding deficiency due to the thin cladding layers. The proposed multi-ARROW-A structures are not a good alternative due to their high losses together with the more complexity in their fabrication process.
B. MODIFIED ARROW-A
About the second alternative (a modified ARROW structure with a fixed 2-m second cladding of refractive index 1.46) we have processed waveguides with core thickness of 1. Results are shown in Fig. 10 for TE and TM polarization. For waveguides with a core thickness of 3 m, results are similar to the ARROW-A structures with m [ Fig. 3(a) ]. Attenuation losses for ribs wider than 7 m are around 0.4 dB/cm for a core thickness of 3 m with insertion losses in the order of 2 dB [ Fig. 10(a) ]. Losses increases for rib widths smaller than 7 m due to loss discrimination of modes higher than the fundamental. The field distribution profile shows monomode behavior for rib widths lower than 7 m [ Fig. 10(b) ]. We do not appreciate any difference between losses for TE or TM polarization.
For waveguides with a core thickness of 2 m, attenuation losses are around 0.5 dB/cm for the TE polarization and 0.6 dB/cm for TM polarization. As in the former case, losses increase for rib widths lower than 7 m, the same width where waveguides start to show mono-mode behavior.
When the core thickness is 1.5 m, attenuation for waveguides wider than 10 m is around 1.2 dB/cm, with insertion losses around 10 dB. Losses increase sharply for widths lower than 10 m [ Fig. 10(a) ]. For these rib dimensions, we can also observe single-mode behavior [ Fig. 10(c) ]. Differences between attenuation for TE and TM modes are more appreciable when the rib width is lower than 10 m.
V. SENSOR CONFIGURATION
ARROW channel structures are the basis of an integrated evanescent field sensor with an MZI configuration. In the integrated version of the MZI, an optical waveguide is split into two arms and after a certain distance they recombine again. The interferometer is covered with a protective layer and an area of length is opened in one of the arms (sensor arm) to bring into contact the waveguide and the environment. Only light travelling in the sensor arm will experience a phase shift induced by a change in the properties of the surrounding medium.
The protective layer must be compatible with Si technology. We deposit a silicon oxide layer with a refractive index of 1.46 by PECVD at 300 C. The thickness of this layer is 2 m, enough to isolate the core from the environment. The opening of the sensor area in the protective layer is done, after a photolitographic process, by chemical etching with a HF : H NF (1 : 7) solution. If the etching process is not accurately controlled the SiO core layer can be also etched. Due to the inherently nonuniformity of the chemical etching process we must protect the core layer. This is done by inserting a new layer resistant to the etching solution between the protective layer and the core. This new cover is a silicon nitride (Si N ) layer, deposited by LPCVD at 800 C, with a thickness of 0.12 m, analogous to the first cladding layer.
To evaluate the influence of these covering layers in the guiding characteristics of the waveguides, several samples with the modified ARROW-A structure and with protective layers of silicon nitride (thickness of 0.12 m) and silicon oxide (thickness of 2 m) were fabricated with different core thickness and rib widths (the structure is shown in Fig. 11 ), to compare with the noncovered waveguides. Results are shown in Fig. 12(a) , where attenuation losses as a function of the rib width for TE polarization are shown.
When the core thickness is 4 m, losses for rib widths wider than 15 m are due to an attenuation of about 0.5 dB/cm and insertion losses close to 1 dB. Insertion losses are lower because the optical mode from the input fiber is better adapted to the fundamental mode of the ARROW-A structure due to the silicon oxide covering layer. Losses show a sharp increase for rib widths lower than 15 m. This value is slightly different from the noncovered waveguide case (around 10 m) because, in general, attenuation increases with the presence of the protective layers, being this increment more important for rib widths lower than 15 m. We also observe monomode behavior for rib widths lower than 8 m [ Fig. 12(b) ].
When the core thickness is 3 m, results are very similar. For ribs wider than 15 m, attenuation is 0.8 dB/cm, with insertion losses close to 1 dB. Single-mode behavior is also observed for rib widths lower than 8 m [ Fig. 12(c) ].
For waveguides with a core thickness of 2 m, attenuation losses are around 1.5 dB/cm with insertion losses of 4 dB. Finally, for 1.5-m thick waveguides, attenuation is 2.4 dB/cm for rib widths higher than 20 m, with insertion losses around 8 dB. We observe an increase in attenuation losses compared to the noncovered case, although insertion losses decrease [ Fig. 12(a) ]. The width where attenuation losses show a sharp increase is higher, although the single-mode behavior is observed for rib widths lower than 8 m [ Fig. 12(d) ].
Several MZI configurations were designed varying the separation between arms and the Y-junction parameters. All the devices are symmetric with two different Y-junction shapes: in the first case, the Y-junction is formed with straight arms and opening angles of 1 and 2 ; in the second case, the Y-junction is shaped with circular bends with radii of 5 and 20 mm. In all cases, separation between the sensor and the reference arms exceeds 50 m to avoid coupling between modes travelling through both branches. In one arm, a 6 mm length and 100 m wide sensor area is created. The total length of the device is 35 mm. Sensors are based on the waveguide structure described in Fig. 11 , with a 4 m core thickness, an 8 m width, and with a silicon nitride protective layer of 0.12 m. No differences in operation of the devices were observed and they were used interchangeably.
The sensor is being developed for the detection of biochemical interactions between a receptor molecule and its complementary analyte. The effect of this reaction is comparable to a change of the bulk refractive index of the outer medium. Therefore, the use of solutions with different refractive indexes is useful for studying the sensor sensitivity. Several solutions were prepared with different glucose concentrations in water, with refractive indexes varying from 1.3325 to 1.4004 ( 0.0002), as determined by an Abbe refractometer operating at 25 C. A flow cell mechanized in Teflon (with a channel width of 3 mm, a depth of 100 m, and a length of 15 mm) is clamped onto the interferometer and a flow injection system is used to deliver the glucose solutions into the sensor area (see Fig. 2 ).
Sensitivity for the MZI used is expected to be low [12] due to the high confinement of the mode within the core. This can be corroborated in Fig. 13(a) , where we show the signal variation at the sensor output as the bulk refractive index in the sensor area changes as a function of time.
VI. SENSITIVITY ENHANCEMENT
As it has been shown previously [12] , [22] , sensitivity can be enhanced by overcoating the surface of the waveguide with high refractive index layers. If we use the silicon nitride protective layer, with a refractive index of 2.00 as the overlay, the theoretical thickness to obtain maximum sensitivity is around nm (see [12, Fig. 8]) . Therefore, we decided to etch the silicon nitride protective layer at the sensor area to a value close to 34 nm. The etching was performed in a H PO bath at 180 C (etch rate 10 nm/min). After the etching process, the thickness of the silicon nitride layer was diminished to, approximately, 39 nm (measured with a profilograph). Now, the sensor response clearly increases, as can be seen in Fig. 13(b) . In both cases (when the overlay thickness is 120 nm and 39 nm), the MZI sensor was subjected to an exhaustive test by measuring the phase change as a function of the refractive index. The results from these measurements are presented in Fig. 14 , where we can observe the sensitivity enhancement for an overlay thickness of 39 nm. The lines in this graph correspond to the theoretical values and, as can be seen, the measured phase change is comparable to the model calculations [12] .
As an example of biosensing application, in Fig. 15 it is shown the MZI sensor response to the physical adsorption of M antihuman serum albumin protein ( -hSA). Measurements are performed in phosphate buffered saline (PBS), with a pH of 7.35, at room temperature and maintaining a low flow rate (33 l/min). Antibodies form a monolayer with a thickness of around 10 nm by physical binding (electrostatic forces) to the waveguide surface, originating a change in the effective refractive index of the guided mode and, therefore, in the MZI sensor output.
VII. CONCLUSION
ARROW structures are promising waveguides for the development of high sensitive integrated optical sensors. Their fabrication process, based of standard silicon technology and the large tolerance for the design of the refractive indexes and thickness of the waveguide layers, makes them very appropriate for low-cost mass production.
For their implementation in an optical sensor, based on the integrated MZI configuration, the optical waveguides must be covered with two protective layers. For this reason, the core refractive index should be higher than the silicon oxide-covering layer. These two covering layers affect the guiding properties of the ARROW structure, increasing the attenuation losses. In addition, the waveguides must verify two important conditions: single-mode operation and high surface sensitivity. To obtain monomode behavior, the core refractive index should be kept under a certain value, i.e., 1.485, while the rib width has to be lower than 8 m.
To assure high surface sensitivity, the core thickness can be diminished, with the corresponding increase of the attenuation losses. We have proposed two alternatives to overcome this problem. A multi-ARROW-A structure (with two pair of interference cladding layers) and an ARROW-A structure with a fixed second cladding layer thickness of 2 m. This last alternative has been experimentally demonstrated to be more appropriate. Finally, sensitivity can also be increased by overcoating the waveguide surface with a high refractive index layer. The thickness of this overlay determines the enhancement factor. We have presented experimental results of a MZI sensor working as a refractometer where diminishing the overlay thickness to a value around 39 nm, sensitivity is increased more than one order of magnitud.
In conclusion, we propose the optimized waveguide structure shown in Fig. 16 for sensing applications, which consists on a rib-ARROW-A structure with a silicon oxide core layer of and thickness higher than 2 m; a silicon oxide second cladding layer with a refractive index of 1.46 and a fixed thickness of 2 m and a silicon nitride first cladding layer of thickness 0.12 m. The waveguide is overcoated with a silicon nitride layer (of thickness around 34 nm) and with a silicon oxide layer ( ) of thickness 2 m. The rib depth is 60% of the core thickness and the rib width should be lower than 8 m to obtain single-mode behavior.
